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Abstract: There is limited research on indoor air quality in the Middle East. In this study, concentrations
and size distributions of indoor particles were measured in eight Jordanian dwellings during the
winter and summer. Supplemental measurements of selected gaseous pollutants were also conducted.
Indoor cooking, heating via the combustion of natural gas and kerosene, and tobacco/shisha smoking
were associated with significant increases in the concentrations of ultrafine, fine, and coarse particles.
Particle number (PN) and particle mass (PM) size distributions varied with the different indoor
emission sources and among the eight dwellings. Natural gas cooking and natural gas or kerosene
heaters were associated with PN concentrations on the order of 100,000 to 400,000 cm−3 and PM2.5
concentrations often in the range of 10 to 150 µg/m3. Tobacco and shisha (waterpipe or hookah)
smoking, the latter of which is common in Jordan, were found to be strong emitters of indoor ultrafine
and fine particles in the dwellings. Non-combustion cooking activities emitted comparably less PN
and PM2.5. Indoor cooking and combustion processes were also found to increase concentrations of
carbon monoxide, nitrogen dioxide, and volatile organic compounds. In general, concentrations of
indoor particles were lower during the summer compared to the winter. In the absence of indoor
activities, indoor PN and PM2.5 concentrations were generally below 10,000 cm−3 and 30 µg/m3,
respectively. Collectively, the results suggest that Jordanian indoor environments can be heavily
polluted when compared to the surrounding outdoor atmosphere primarily due to the ubiquity of
indoor combustion associated with cooking, heating, and smoking.
Keywords: indoor air quality; aerosols; particle size distributions; ultrafine particles; particulate
matter (PM); smoking; combustion
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1. Introduction
Indoor air pollution has a significant impact on human respiratory and cardiovascular health
because people spend the majority of their time in indoor environments, including their homes, offices,
and schools [1–9]. The World Health Organization (WHO) has recognized healthy indoor air as a
fundamental human right [4]. Comprehensive indoor air quality measurements are needed in many
regions of the world to provide reliable data for evaluation of human exposure to particulate and
gaseous indoor air pollutants [10].
Indoor air pollutant concentrations depend on the dynamic relationship between pollutant source
and loss processes within buildings. Source processes include the transport of outdoor air pollution,
which can be high in urban areas [11–13], into the indoor environment via ventilation and infiltration,
and indoor emission sources, which include solid fuel combustion, electronic appliances, cleaning,
consumer products, occupants, pets, and volatilization of chemicals from building materials and
furnishings, among others [10,14–28]. Loss processes include ventilation, exfiltration, deposition to
indoor surfaces, filtration and air cleaning, and pollutant transformations in the air (i.e., coagulation,
gas-phase reactions). Indoor emission sources can result in substantial increases in indoor air pollutant
concentrations, exceeding contributions from the transport of outdoor air pollutants indoors. Air
cleaning technologies, such as heating, ventilation, and air conditioning (HVAC) filters and portable
air cleaners, can reduce concentrations of various indoor air pollutants.
Evaluation of indoor air pollution and concentrations of particulate and gaseous indoor air
pollutants in Middle Eastern dwellings has been given limited attention in the literature. In Jordan, one
study investigated the effects of indoor air pollutants on the health of Jordanian women [29] and three
studies evaluated concentrations of indoor particles in Jordanian indoor environments [30–32]. These
studies provided useful insights on the extent of air pollution in selected Jordanian indoor environments
and the role of cultural practices on the nature of indoor emission sources. However, these studies did
not provide detailed information on the composition of indoor air pollution, including indoor particle
number and mass size distributions, concentrations of ultrafine particles (UFPs, diameter < 0.1 µm),
and concentrations of various gaseous pollutants.
The objective of this study was to evaluate size-fractionated number and mass concentrations of
indoor particles (aerosols) in selected Jordanian residential indoor environments and human inhalation
exposures associated with a range of common indoor emission sources prevalent in Jordanian dwellings,
such as combustion processes associated with cooking, heating, and smoking. The study was based
upon a field campaign conducted over two seasons in which portable aerosol instrumentation covering
different particle size ranges was used to measure particle number size distributions spanning
0.01–25 µm during different indoor activities.
2. Materials and Methods
2.1. Residential Indoor Environment Study Sites in Jordan
The residential indoor environments targeted in this study were houses and apartments covering
a large geographical area within Amman, the capital city of Jordan (Figure 1). The selection was based
upon two main criteria: (1) prevalence of smoking indoors and (2) heating type, such as kerosene
heaters, natural gas heaters, and central heating systems. The selected residential indoor environments
included two apartments (A), one duplex apartment (D), three ground floor apartments (GFA), and
two houses (H). Table 1 lists the characteristics of each study site. All indoor environments were
naturally ventilated. The occupants documented their activities and frequency of cooking, heating,
and smoking during the measurement campaign.
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Figure 1. A map showing the Amman metropolitan region with the locations of the selected indoor
environment study sites. The type of dwelling is referred to as: (A) apartment, (H) house, (D) duplex
apartment, and (GFA) ground floor apartment. Table 1 provides additional details for each dwelling.
Table 1. Characteristics of the selected residential indoor environments. The heating method refers to:
kerosene heater (Ker.), natural gas heater (Gas), air conditioning system (AC), electric heaters (El.), and
central heating system (Cen.). Cigarette smoking is denoted as (Cig.).
Site
ID
Type Area Type Kitchen/L.
Room
Heating Method Smoking
Ker. Gas AC El. Cen. Cig. Shisha
A1 Apartment (3rd floor) Suburban Open
√ √ √
A2 Apartment (2nd floor) Rural Separate
√
D1 Duplex (2nd and3rd floors)
Urban
Background Open
√ √ √
GFA1 Ground floorapartment Urban Separate
√ √
GFA2 Ground floorapartment Urban Separate
√ √
GFA3 Ground floorapartment
Urban
Background Open
√ √ √
H1 House Suburban Open
√ √ √
H2 House Rural Open
√
2.2. Indoor Aerosol Measurements and Experimental Design
2.2.1. Measurement Campaign
Indoor aerosol measurements were performed during two seasons: winter and summer, as
indicated in Table 2. The winter campaign occurred from 23 December 2018 to 12 January 2019. All
eight study sites participated in the winter campaign. The summer campaign occurred from 16 May to
22 June 2019. Only GFA2, GFA3, and H2 participated in the summer campaign.
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Table 2. Measurement periods and lengths of the two campaigns.
Site ID
Winter Campaign Summer Campaign
Start End Length Start End Length
A1 13:15, 23.12.2018 11:50, 25.12.2018 1d 22h 35m – – –
A2 18:20, 04.01.2019 19:50, 05.01.2019 1d 01h 30m – – –
D1 14:10, 28.12.2018 22:10, 30.12.2018 2d 08h 00m – – –
GFA1 15:10, 25.12.2018 14:10, 27.12.2018 1d 23h 00m – – –
GFA2 12:00, 09.01.2019 20:40, 12.01.2019 3d 08h 40m 10:30, 13.06.2019 11:20, 22.06.2019 9d 00h 50m
GFA3 12:30, 31.12.2018 18:30, 02.01.2019 2d 06h 00m 18:50, 16.05.2019 23:40, 23.05.2019 7d 04h 50m
H1 20:20, 02.01.2019 16:30, 04.01.2019 1d 20h 10m – – –
H2 12:30, 06.01.2019 15:30, 09.01.2019 3d 03h 00m 20:50, 24.05.2019 21:30, 29.05.2019 5d 00h 40m
2.2.2. Aerosol Instrumentation
Aerosol instrumentation included portable devices to monitor size-fractionated particle
concentrations. Supplemental measurements of selected gaseous pollutants were also conducted.
The aerosol measurements included particle number and mass concentrations within standard size
fractions: submicron particle number concentrations, micron particle number concentrations, PM10,
and PM2.5. Table 3 provides an overview of the portable aerosol instrumentation deployed at each
study site. The use of portable aerosol instruments has increased in recent years, with a number of
studies evaluating their performance in the laboratory, the field, or through side-by-side comparisons
with more advanced instruments [33–46]. The instruments were positioned to sample side-by-side
without the use of inlet extensions. The instruments were situated on a table approximately 60 cm
above the floor inside the living room of each dwelling. The sample time was set to 1 min for all
instruments, either by default or through time-averaging of higher sample frequency data.
Table 3. List of the portable air quality instruments and the measured parameters.
Instrument Model Aerosol Size Fraction Metric Performance Ref.
Laser Photometer TSI DustTrak DRX 8534 PM10, PM2.5, and PM1 Mass Wang et al. [33]
Personal Aerosol Monitor TSI SidePak AM520 PM2.5 Mass Jiang et al. [34]
Optical Particle Counter TSI AeroTrak 9306-V2 Dp 0.3–25 µm (6 bins) Number Wang et al. [33]
Condensation Particle Counter TSI CPC 3007 Dp 0.01–2 µm Number Matson et el. [35]
Condensation Particle Counter TSI P-Trak 8525 Dp 0.02–2 µm Number Matson et el. [35]
Gas monitor AeroQual S500 O3, HCHO, CO, NO2, SO2, TVOC ppm Lin et al. [36]
Two condensation particle counters (CPCs) with different lower size cutoffs (TSI 3007-2: cutoff
size 10 nm; TSI P-Trak 8525: cutoff size 20 nm) were used to measure total submicron particle number
concentrations. The maximum detectable concentration (20% accuracy) was 105 cm−3 and 5 × 105
cm−3 for the CPC 3007 and the P-Trak, respectively. The sample flow rate for both CPCs was 0.1
lpm (inlet flow rate of 0.7 lpm). A handheld optical particle counter (AeroTrak 9306-V2, TSI, MI,
USA) was used to monitor particle number concentrations within 6 channels (user-defined) in the
diameter range of 0.3–25 µm. The cutoffs for these channels were defined as 0.3, 0.5, 1, 2.5, 10, and
25 µm. The sample flow rate was 2.83 lpm. A handheld laser photometer (DustTrak DRX 8534, TSI,
MI, USA) monitored particle mass (PM) concentrations (PM1, PM2.5, respirable (PM4), PM10, and
total) in the diameter range of 0.1–15 µm (maximum concentration of 150 mg/m3). The sample flow
rate for the DustTrak was 3 lpm. A personal aerosol monitor (SidePak AM520, TSI, MI, USA) with a
PM2.5 inlet was used for additional measurements of PM2.5 concentrations. The SidePak is a portable
instrument with a small form factor equipped with a light-scattering laser photometer. The CPCs were
calibrated in the laboratory [40], whereas the AeroTrak, DustTrak, and SidePak were factory calibrated.
Additionally, a portable gas monitor (S500, AeroQual, New Zealand) estimated the concentrations of
gaseous pollutants by installing factory calibrated plug-and-play gas sensor heads. The sensor heads
included ozone (O3), formaldehyde (HCHO), carbon monoxide (CO), nitrogen dioxide (NO2), sulfur
dioxide (SO2), and total volatile organic compounds (TVOCs).
Each instrument was started at different times during the campaigns; and thus, they did not
record concentrations at the same time stamp. Therefore, we interpolated the concentrations of each
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instrument into a coherent time grid so that we evaluated the number of concentrations in each size
fraction with the same time stamp. The built-in temperature and relative humidity sensors used in
the aerosol instruments cannot be confirmed to be accurate for ambient observations because these
sensors were installed inside the instruments and can be affected by instrument-specific conditions,
such as heat dissipation from the pumps and electronics. Therefore, those observations were not
considered here.
2.3. Processing of Size-Fractionated Aerosol Concentration Data
The utilization of portable aerosol instruments with different particle diameter ranges and cutoff
diameters enables derivations of size-fractionated particle number and mass concentrations [47]:
Super-micron (1–10 µm) particle number and mass concentrations, submicron (0.01–1 µm) particle
number concentrations, PM2.5 mass concentrations, PM10 mass concentrations, and PM10–1 mass
concentrations. Additionally, we derived the particle number size distribution
(
n0N =
dN
dlog(Dp)
)
within
eight diameter bins:
• 0.01–0.02 µm via the difference between the CPC 3007 and the P-Trak.
• 0.02–0.3 µm via the difference between the P-Trak and the first two channels of the AeroTrak.
• 0.3–0.5 µm, 0.5–1 µm, 1–2.5 µm, 2.5–5 µm, 5–10 µm, and 10–25 µm via the AeroTrak.
The particle mass size distribution was estimated from the particle number size distribution by
assuming spherical particles:
n0M =
dM
dlog
(
Dp
) = dN
dlog
(
Dp
) pi
6
D3pρp = n
0
N
pi
6
D3pρp (1)
where n0M is the particle mass size distribution, dM is the particle mass concentration within a certain
diameter bin normalized to the width of the diameter range
(
dlog
(
Dp
))
of that diameter bin, dN is the
particle number concentration within that diameter bin (also normalized with respect to dlog
(
Dp
)
to
obtain the particle number size distribution, n0N),Dp is the particle diameter, and ρp is the particle density,
here assumed to be unit density (1 g cm−3). In practice, the particle density is size-dependent and
variable for different aerosol populations (i.e., diesel soot vs. organic aerosol); therefore, size-resolved
effective density functions should be used. However, there is limited empirical data on the effective
densities of aerosols produced by indoor emission sources. Thus, the assumption of 1 g cm−3 for the
particle density will result in uncertainties (over- or underestimates, depending on the source) in the
estimated mass concentrations.
The size-fractionated particle number concentration was calculated as:
PNDp2−Dp1 =
Dp2∫
Dp1
n0N(DP)·dlog(DP) (2)
where PNDp2−Dp1 is the calculated size-fractionated particle number concentration within the particle
diameter range Dp1–Dp2. Similarly, the size-fractionated particle mass concentration
(
PMDp2−Dp1
)
was
calculated as:
PMDp2−Dp1 =
Dp2∫
Dp1
n0M(DP)·dlog(DP) =
Dp2∫
Dp1
n0N(DP)
pi
6
D3pρp·dlog(DP) (3)
PM2.5 and PM10 can be also calculated by using Equation (3) and integrating over the particle
diameter range starting from 10 nm (i.e., the lower cutoff diameter according to our instrument setup)
and up to 2.5 µm (for PM2.5) or 10 µm (for PM10).
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3. Results
3.1. Comparisons between Different Aerosol Instruments—Technical Notes
The co-location of different aerosol instruments covering similar size ranges provides a basis
to compare concentration outputs as measured through different techniques. First, the PM2.5 and
PM10 concentrations reported by the DustTrak can be compared to evaluate the contribution of the
submicron fraction to the total PM concentration in Jordanian indoor environments. According to
the DustTrak measurements, it was observed that most of the PM was in the submicron fraction as
the mean PM10/PM2.5 ratio was 1.03 ± 0.04 (Figure 2). This was somewhat expected as most of the
tested indoor activities in this field study were combustion processes (smoking, heating, and cooking)
that produce significant emissions in the fine particle range. However, more sophisticated aerosol
instrumentation would be needed to verify this finding, such as an aerodynamic particle sizer (APS)
and scanning mobility particle sizer (SMPS).
Atmosphere 2020, 11, x FOR PEER REVIEW 6 of 22 
 
PM2.5 and PM10 can be also calculated by using Equation (3) and integrating over the particle 
diameter range starting from 10 nm (i.e., the lower cutoff diameter according to our instrument setup) 
and up to 2.5 µm (for PM2.5) or 10 µm (for PM10). 
3. Results 
3.1. Comparisons between Different Aerosol Instruments—Technical Notes 
The co-location of different aerosol instruments covering similar size ranges provides a basis to 
compare con entrati  utputs as measured through different techniqu s. First, the PM2.5 and PM10 
concentrations reported by the DustTrak can be compared to evaluate the contribution of the 
submicron fraction to the total PM concentration in Jordanian indoor environments. According to the 
DustTrak measurements, it was observed that most of the PM was in the submicron fraction as the 
mean PM10/PM2.5 ratio was 1.03 ± 0.04 (Figure 2). This was somewhat expected as most of the tested 
indoor activities in this field study were combustion processes (smoking, heating, and cooking) that 
produce significant emissions in the fine particle range. However, more sophisticated aerosol 
instrumentation would be needed to verify this finding, such as an aerodynamic particle sizer (APS) 
and scanni g mobility particle sizer (SMPS). 
 
Figure 2. Comparison between the PM10 and PM2.5 concentrations measured with the DustTrak. 
The DustTrak and SidePak both employ a light-scattering laser photometer to estimate PM 
concentrations. As such, their output can be compared for the same particle diameter range. In 
general, the PM2.5 concentrations measured with the DustTrak were lower than the corresponding 
values measured with the SidePak (Figure 3). This trend was consistent across the measured 
concentration range from approximately 10 to >1000 µg/m3. The mean SidePak/DustTrak PM2.5 
concentration ratio was 2.15 ± 0.48. These differences can be attributed to technical matters related to 
the internal setup of the instruments and their factory calibrations. For example, the SidePak inlet has 
an impactor plate with a specific aerodynamic diameter cut point (here chosen as PM2.5), whereas the 
DustTrak differentiates the particle size based solely on the optical properties of particles. 
Following the methodology outlined in Section 2.3, we converted the measured particle number 
size distributions (via CPC 3007, P-Trak, and AeroTrak) to particle mass size distributions assuming 
spherical particles of unit density. From integration of the latter, we calculated the PM2.5 and PM10 
concentrations. The calculated PM2.5 and PM10 concentrations can be compared with those reported 
by the DustTrak. The calculated PM2.5 concentrations were found to be less than those reported by 
the DustTrak (Figure 4). More variability was observed for PM10, with the calculated PM10 both under- 
and overestimating the DustTrak-derived values across the measured concentration range. The mean 
calculated-to-DustTrak PM2.5 ratio was 0.63 ± 0.58 and that for PM10 was 1.46 ± 1.27. 
Figure 2. Comparison between the PM10 and PM2.5 concentrations measured with the DustTrak.
The DustTrak and SidePak both employ a light-scattering laser photometer to estimate PM
concentrations. As such, their output can be compared for the same particle diameter range. In general,
the PM2.5 concentrations measured with the DustTrak were lower than the corresponding values
measured with the SidePak (Figure 3). This trend was consistent across the measured concentration
range from approximately 10 to >1000 µg/m3. The mean SidePak/DustTrak PM2.5 concentration ratio
was 2.15 ± 0.48. These differences can be attributed to technical matters related to the internal setup
of the instruments and their factory calibrations. For example, the SidePak inlet has an impactor
plate with a specific aerodynamic diameter cut point (here chosen as PM2.5), whereas the DustTrak
differentiates the particle size based solely on the optical propertie of particles.
F llowing the methodology outlined in Section 2.3, we converted the measured particle number
size distributions (via CPC 3007, P-Trak, nd AeroTrak) to particle mass size di tributions assuming
spherical particles of unit density. From integration of the latter, we calculated the PM2.5 and PM10
concentrations. The calculated PM2.5 and PM10 concentrations can be compared with those reported
by the DustTrak. The calculated PM2.5 concentrations were found to be less than those reported by the
DustTrak (Figure 4). More variability was observed for PM10, with the calculated PM10 both under-
and overestimating the DustTrak-derived values across the measured concentration range. The mean
calculated-to-DustTrak PM2.5 ratio was 0.63 ± 0.58 and that for PM10 was 1.46 ± 1.27.
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This brief comparative analysis of the PM concentrations measured by the DustTrak, SidePak, and
calculated via measured particle number size distributions illustrates that portable aerosol instruments
have limitations and their output is likely to be inconsistent. Relying on a single instrument output
may not provide an accurate assessment of PM concentrations. The utilization of an array of portable
aerosol instruments can provide lower and upper bounds on PM concentrations in different indoor
environments. Calculating PM concentrations from measured particle number size distributions is
uncertain in the absence of reliable data on size-resolved particle effective densities for different indoor
emission sources.
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3.2. Overview of Indoor Particle Concentrations in Jordanian Dwellings
3.2.1. Indoor Particle Concentrations during the Winter Season
An overview of the indoor submicron particle number (PN) concentrations and PM2.5 and PM10
concentrations is presented Tables 4 and 5 (mean ± SD and 95%) and illustrated in Figure 5 for each of
the eight Jordanian dwellings investigated in this study. Particle concentration time series are presented
in the supplementary material (Figures S1–S8). Indoor particle concentrations (mean ± SD) were also
evaluated during the nighttime, when there were no indoor activities reported in the dwellings and
the concentrations were observed to be at their lowest levels (Table 6).
Table 4. Indoor particle number and mass concentrations (mean ± SD and 95%) during the
winter campaign.
Site ID
CPC 3007 DustTrak SidePak
PN (×104/cm3) PM2.5 (µg/m3) PM10 (µg/m3) PM2.5 (µg/m3)
Mean ± SD 95% Mean ± SD 95% Mean ± SD 95% Mean ± SD 95%
A1 4.3 ± 6.0 22.6 91 ± 218 612 93 ± 228 628 188 ± 403 1261
A2 1.6 ± 1.7 6.7 44 ± 40 157 47 ± 42 160 – –
D1 13.3 ± 10.5 30.1 131 ± 202 613 132 ± 202 614 271 ± 448 1446
GFA1 5.4 ± 4.6 22.0 42 ± 26 109 45 ± 30 123 80 ± 38 176
GFA2 3.4 ± 4.0 17.0 29 ± 34 126 29 ± 34 126 – –
GFA3 6.3 ± 4.8 18.6 433 ± 349 1230 437 ± 350 2140 998 ± 815 2790
H1 11.7 ± 7.4 23.6 138 ± 116 451 141 ± 117 453 325 ± 310 1190
H2 9.7 ± 6.1 25.0 156 ± 190 694 160 ± 190 697 342 ± 477 1690
Table 5. Indoor particle number and mass concentrations (mean ± SD and 95%) during the
summer campaign.
Site ID
CPC 3007 DustTrak SidePak
PN (×104/cm3) PM2.5 (µg/m3) PM10 (µg/m3) PM2.5 (µg/m3)
Mean ± SD 95% Mean ± SD 95% Mean ± SD 95% Mean ± SD 95%
GFA2 1.5 ± 1.4 5.5 30 ± 20 62 31 ± 20 64 58 ± 34 104
GFA3 1.9 ± 1.6 6.3 31 ± 46 179 31 ± 46 180 158 ± 216 819
H2 1.6 ± 0.9 3.8 46 ± 24 101 50 ± 26 107 89 ± 64 305
Table 6. Indoor particle number and mass concentrations (mean± SD) during the nighttime, when there
were no reported indoor activities. The concentrations were calculated for the winter campaign only.
Site ID
CPC 3007 DustTrak SidePak
PN (×103/cm3) PM2.5 (µg/m3) PM10 (µg/m3) PM2.5 (µg/m3)
Mean ± SD Mean ± SD Mean ± SD Mean ± SD
A1 6 ± 3 18 ± 8 18 ± 8 45 ± 19
A2 6 ± 1 10 ± 0 11 ± 1 –
D1 13 ± 2 26 ± 0 26 ± 0 52 ± 3
GFA1 9 ± 1 25 ± 7 26 ± 7 62 ± 15
GFA2 9 ± 3 10 ± 3 10 ± 3 –
GFA3 15 ± 5 67 ± 18 67 ± 18 154 ± 45
H1 10 ± 2 28 ± 6 29 ± 6 59 ± 14
H2 9 ± 2 28 ± 23 29 ± 24 47 ± 28
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Figure 5. Overall mean indoor particle concentrations during the measurement period in each dwelling:
(a) submicron particle number (PN) concentrations measured with the condensation particle counter
(CPC 3007) and (b) PM2.5 concentrations measured with the DustTrak. The blue bars represent the
winter campaign and the orange bars represent the summer campaign.
Submicron PN concentrations were the lowest in apartment A2, which was equipped with an
air conditioning (AC) heating/cooling setting and nonsmoking occupants. For example, the overall
mean submicron PN concentrations in A2 was approximately 1.6 × 104 cm−3. The second lowest
PN concentrations were observed in the ground floor apartment GFA2, which was equipped with a
central heating system (water radiators) and, periodically, electric heaters. Occupants in GFA2 were
nonsmokers. The overall mean submicron PN concentration in GFA2 was approximately double that
of A2 at 3.2 × 104 cm−3.
The highest submicron PN concentrations were measured in duplex apartment D1, with a mean
of 1.3 × 105 cm−3. This apartment had a kerosene heater and one of the occupants smoked shisha
(waterpipe or hookah) on a daily basis. The second highest submicron PN concentrations were
observed in houses H1 and H2, with overall mean values of 1.2 × 105 cm−3 and 9.7 × 104 cm−3,
respectively. House H1 was heated by using a natural gas heater and smoking shisha was often
conducted by more than one occupant. House H2 was heated with a kerosene heater and cooking
activities occurred frequently.
The ground floor apartments, GFA3 and GFA1, showed intermediate submicron PN concentrations
among the study sites, with mean concentrations of 6.3 × 104 cm−3 and 5.4 × 104 cm−3, respectively.
Although occupants in GFA3 heavily smoked tobacco and shisha, the concentrations were lower
than those observed in D1 and H1, where shisha was also smoked. The building envelopes of D1
and H1 may be more tightly sealed, with lower infiltration rates compared to GFA3. Furthermore,
GFA3 used a natural gas heater and cooking activities were not as frequent. As for GFA1, the heating
was a combination of a kerosene heater and a natural gas heater. The cooking activities in GFA1
were minimal and not frequent. Occupants in apartment A1 were nonsmokers. Indoor emission
source manipulations were conducted in A1, including various cooking activities and the use of three
different types of heating (kerosene heater, natural gas heater, and AC). The overall mean submicron
PN concentration in A1 was approximately 4.3 × 104 cm−3.
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For PM2.5 concentrations, the lowest levels were observed not in A2 (highest submicron PN
concentrations), but rather in GFA2, with a mean of approximately 29 µg/m3. GFA2 was heated by
means of a central heating system and, periodically, with electric heaters. Ground floor apartment
GFA1 and apartment A2 exhibited intermediate overall mean PM2.5 concentrations among the study
sites, with mean values of 42 µg/m3 and 44 µg/m3, respectively. As previously discussed, the occupants
in GFA1 did not conduct frequent cooking activities and heated their dwelling by means of kerosene
and natural gas heaters, whereas A2 was heated via an AC. GFA1 was built in the 1970s, whereas
A2 was relatively new (less than 10 years old); therefore, A2 is expected to be a more tightly sealed
indoor environment compared to GFA1. However, infiltration rate and air leakage (i.e., blower door)
measurements were not conducted for the dwellings in this study.
Apartment A1, in which manipulations of various cooking activities and heating methods were
conducted, showed an overall mean PM2.5 concentration of 91 µg/m3. The impact of shisha smoking
on PM2.5 concentrations in D1 and H1 was clearly evident, with overall mean PM2.5 concentrations
of 131 µg/m3 and 138 µg/m3, respectively. The influence of a kerosene heater and intense cooking
activities in H2 was also evident, with an overall mean PM2.5 concentration of 156 µg/m3. The highest
PM2.5 concentrations were recorded in GFA3 (approximately 433 µg/m3), which reflects the frequent
shisha and tobacco smoking in this dwelling.
In the absence of indoor activities (Table 6), the submicron PN concentrations were the lowest
(approximately 6 × 103 cm−3) in A1 and A2 and the highest in D1 (approximately 1.3 × 104 cm−3) and
GFA3 (approximately 1.5 × 104 cm−3). As for the PM2.5 concentrations measured with the DustTrak,
the lowest concentrations (approximately 10 µg/m3) were observed in A2 and GFA2 and the highest
concentrations were observed in GFA3 (approximately 67 µg/m3). It is important to note that the
measured indoor particle concentrations were primarily the result of the transport of outdoor particles
indoors via ventilation and infiltration. However, indoor-generated aerosols during the day may still
have traces overnight. For example, the dwellings with combustion and smoking activities also had
background concentrations higher than other dwellings. Furthermore, differences in background
concentrations among dwellings can be due to the geographical location of the dwelling within the
city; this might reflect the outdoor aerosol concentrations at a given location [16,48].
3.2.2. Indoor Particle Concentrations: Summer Versus Winter
Indoor aerosol measurements were repeated for three apartments in the summer campaign. We
selected a dwelling (H2) that was heated with a kerosene heater and had nonsmoking occupants, a
dwelling (GFA2) that was not heated with combustion processes and had nonsmoking occupants,
and a dwelling (GFA3) that was heated with a natural gas heater and the occupants were smokers.
Although the number of selected indoor environments was fewer in the summer campaign, the
measurement period in each dwelling was longer and more extensive than what was measured during
the winter campaign.
In general, the observed concentrations during the summer campaign were lower than those
observed during the winter campaign (Tables 4 and 5, Figure 5). The overall mean submicron PN
concentration during the summer campaign in GFA2 was approximately 1.5 × 104 cm−3, which was
about 40% of that during the winter campaign. As for the PM2.5 concentrations, the overall mean during
the summer campaign was approximately 30 µg/m3, which was almost the same as that observed
during the winter campaign.
The overall mean submicron PN concentrations in GFA3 and H2 were similar (approximately
1.6–1.9 × 104 cm−3), whereas the corresponding mean PM2.5 concentrations were higher in H2
(approximately 46 µg/m3) compared to GFA3 (approximately 31 µg/m3). The summer/winter ratio
for submicron PN concentrations for GFA3 and H2 were 0.3 and 0.2, respectively. The corresponding
PM2.5 ratios were approximately 0.1 and 0.3. The primary reason for higher particle concentrations
during the winter was the use of fossil fuel combustion for heating (i.e., kerosene and natural gas
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heaters). Furthermore, the dwellings during the summer were more likely to be better ventilated than
during the winter, when the dwellings had to conserve energy during heating periods.
3.3. Indoor Particle Number and Mass Size Distributions in Jordanian Dwellings
3.3.1. Indoor Particle Size Distributions in the Absence of Indoor Activities
The mean particle number and mass size distributions for each dwelling in the absence of indoor
activities during the winter campaign are presented in Figure S9. Significant differences in the mean
particle number and mass size distributions were observed among the eight dwellings. Based on
the number size distributions, the submicron PN concentration was the lowest (approximately 6 ×
103 cm−3, with a corresponding PM2.5 of 5 µg/m3) in dwellings A1 and A2 and the highest in GFA3
(approximately 1.5 × 104 cm−3, with a corresponding PM2.5 of 12 µg/m3) and D1 (approximately 1.3
× 104 cm−3, with a corresponding PM2.5 of 8 µg/m3). The mean submicron PN concentration was
between 9 × 103 cm−3 and 104 cm−3 and the mean PM2.5 was 7–9 µg/m3 in the remainder of the
dwellings. It should be noted that GFA3 had the highest submicron PN concentration, whereas H2
had the highest PM2.5 concentration (approximately 13 µg/m3). Differences between the PN and PM
concentrations among the eight dwellings is an indicator of variability in the shape and magnitude of
the aerosol size distributions, as illustrated in Figure S9.
The coarse PN concentrations were the lowest in A1 (approximately 0.4 cm−3, with a corresponding
PMcoarse of 0.9 µg/m3) and D1 (approximately 0.4 cm−3, with a corresponding PMcoarse of 1.3 µg/m3)
and the highest was in H2 (approximately 5.2 cm−3, with a corresponding PMcoarse of 39.9 µg/m3) and
the second highest was in H1 (approximately 2.5 cm−3, with a corresponding PMcoarse of 17.3 µg/m3).
As for A2, GFA1, and GFA3, the coarse PN concentrations were approximately 0.9 cm−3 for each of
the dwellings, but the corresponding PMcoarse was about 6.3, 3.5, and 5.6 µg/m3, respectively. The
similarity in the coarse PN concentrations, compared to the differences observed for the PMcoarse
concentrations, in these dwellings is an indication of differences in the coarse size fraction of the indoor
particle size distributions. This likely reflects differences in indoor emission sources of coarse particles
among the dwellings. For example, H2 had the highest coarse PN and PM concentrations which could
be explained by the existence of pets (more than two cats), in addition to the geographical location of
this dwelling, which was close to an arid area in southeast Amman, where dust events and coarse
particle resuspension are common.
3.3.2. Overall Mean Indoor Particle Number and Mass Size Distributions
The overall mean particle number and mass size distributions were calculated for each dwelling
for the entire winter measurement campaign (Figures 6 and 7). This includes periods with and without
indoor activities. In the following section, we will present and discuss the characteristics of the indoor
particle number and mass size distributions during different indoor activities. Each dwelling had a
unique set of particle number and mass size distributions that reflected the indoor aerosol emission
sources associated with the inhabitants’ activities, heating processes, and dwelling conditions. For
example, among all dwellings, the lowest UFP concentrations were observed in apartment A2 because
combustion processes (i.e., cooking using a natural gas stove) were minimal and the indoor space was
heated via AC units. GFA2 had the second lowest UFP concentrations because the heating was via
water-based central heating and, occasionally, electric heaters. Furthermore, both A2 and GFA2 were
nonsmoking dwellings.
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apartment GFA2.
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Figure 7. Mean particle mass size distributions calculated for the entirety of the winter measurement
campaign at each dwelling: (a) apartment A1, (b) ground floor apartment GFA1, (c) duplex D1,
(d) ground floor apartment GFA3, (e) house H1, (f) apartment A2, (g) house H2, and (h) ground floor
apartment GFA2.
Indoor combustion processes had a pronounced impact on submicron particle concentrations,
especially UFPs. For example, the impact of using kerosene heaters was evident in A1, D1, GFA1, and
H2. Similarly, the impact of using natural gas heaters was vident in A1, GFA1, GFA3, and H1. Shisha
smoking was reported in D1, GFA3, and H1, and th impact can be seen in the high concentrations of
UFPs that w re measur d. D1 never obtained a stable background aerosol c ncentration dur ng the
nighttime likely due to traces of the kerosene heater an shisha smoking.
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3.3.3. The Impact of Indoor Activities on Indoor Particle Size Distributions and Concentrations
As listed in Table 1, the heating processes reported in this study included both combustion (natural
gas heater and/or kerosene heater) and non-combustion (central heating, electric, and air conditioning).
The cooking activities were reported on stoves using natural gas. The use of microwaves, coffee
machines, and toasters were very rare. Table 7 presents a classification of selected activities and the
mean PN and PM concentrations during these activities. The location (i.e., dwelling) and duration of
the activities are listed in Table S1. Figures S9–S17 in the supplementary material present the mean
particle number and mass size distributions during these activities. In this section, the reported PM
concentrations were calculated from the particle mass size distributions by assuming spherical particles
of unit density, as previously discussed.
Table 7. Classification of indoor activities and corresponding particle number and mass concentrations.
Combustion heating is denoted as (Heat.) and the types are natural gas heater (NG) and kerosene
heater (K). Cooking on a natural gas stove is denoted as (Stov.) and smoking cigarettes is denoted by
(Cig.).
Combustion Smoking Non-Combustion Additional Activity PM2.5(µg/m3)
PM10
(µg/m3)
PN1 (×103
cm−3)
PN10–1
(cm−3)Heat. Stov. Shisha Cig. Heat. Other
√
(NG) 54 ± 26 64 ± 27 214 ± 71 1 ± 0√
(NG)
√
70 ± 15 81 ± 17 274 ± 38 4 ± 1√
(NG)
√
Grill burger/sausage 378 ± 101 2094 ± 882 383 ± 82 131 ± 47√
(NG)
√
9 ± 2 19 ± 3 85 ± 13 1 ± 0√
(NG)
√
13 ± 7 16 ± 7 68 ± 11 null√
(NG)
√ √
40 ± 8 189 ± 57 91 ± 18 8 ± 2√
(NG)
√ √
98 ± 26 158 ± 51 151 ± 37 6 ± 3√
(NG)
√ √
173 ± 41 424 ± 152 245 ± 53 36 ± 12√
(NG)
√ √
15 people 65 ± 17 374 ± 91 169 ± 52 13 ± 3√
(K)
√
130 ± 15 458 ± 110 318 ± 53 27 ± 9√
(K)
√
82 ± 24 154 ± 60 220 ± 78 7 ± 5√
(K)
√
78 ± 17 141 ± 36 236 ± 52 5 ± 3√
(K)
√
43 ± 17 91 ± 60 174 ± 62 5 ± 5√
(K)
√
99 ± 13 119 ± 14 320 ± 45 1 ± 0√
(K)
√ √
118 ± 33 139 ± 42 397 ± 60 4 ± 8√
(K)
√ √
72 ± 24 92 ± 30 330 ± 46 2 ± 1√
(NG)
√ √ ×2 139 ± 27 288 ± 114 343 ± 72 15 ± 10√
(NG)
√ √
75 ± 18 226 ± 76 198 ± 47 14 ± 5√
(NG)
√ √
61 ± 26 168 ± 60 154 ± 39 8 ± 3√
(NG)
√ √ √
92 ± 33 189 ± 46 123 ± 34 9 ± 6√
(NG)
√ √ ×2 √ 132 ± 31 291 ± 61 242 ± 77 13 ± 5√
Cooking soup 40 ± 11 76 ± 17 144 ± 40 3 ± 1√
Making chai latte 41 ± 13 49 ± 13 160 ± 44 1 ± 0√ √
(C) Intensive cooking 76 ± 41 191 ± 75 116 ± 29 14 ± 10√ √
(C) Intensive cooking 85 ± 32 181 ± 56 207 ± 78 11 ± 3√ √
(C) Intensive cooking 88 ± 31 201 ± 32 183 ± 91 12 ± 2√ √
(C) Making tea 31 ± 10 52 ± 11 117 ± 43 1 ± 0√ √
(C) Making tea + coffee 16 ± 4 42 ± 10 46 ± 13 1 ± 0√ √
(AC) Intensive cooking 62 ± 19 112 ± 40 74 ± 28 11 ± 5√
(AC) AC operation 10 ± 3 61 ± 28 12 ± 4 3 ± 1√
(C)
√
Microwave 17 ± 5 44 ± 11 47 ± 17 1 ± 0√
Vacuuming 25 ± 7 181 ± 64 47 ± 15 9 ± 3√
Brew coffee 7 ± 2 31 ± 21 11 ± 5 1 ± 1√
Brew coffee + toast 14 ± 10 18 ± 11 42 ± 29 null√
Toaster 15 ± 6 23 ± 7 44 ± 21 8 ± 2
Cooking Activities without Combustion Processes
Cooking activities were the most commonly reported indoor emission source in all eight dwellings.
Periodically, they were reported in the absence of combustion processes (such as a natural gas stove or
heating). The non-combustion cooking activities included: microwave (GFA2, Figure S17), brewing
coffee (A1, Figure S10), and toasting bread (A1, Figure S10). When compared to the background
concentrations (i.e., in the absence of indoor activities), the concentrations during these activities had a
minor impact on the indoor air quality in each dwelling.
Brewing coffee had the smallest impact on indoor aerosol concentrations, with a mean calculated
PM2.5 concentration of approximately 7 µg/m3 (submicron PN concentration of 1.1 × 104 cm−3) and
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mean calculated PM10 concentration of approximately 31 µg/m3 (coarse PN concentration of 1 cm−3).
Using the toaster doubled the PM2.5 concentration and increased the submicron PN concentration
four-fold. However, it had a negligible impact on the coarse PN and PM concentrations. Using the
microwave had a similar impact on concentrations of fine particles as that observed when using
a toaster.
Cooking Activities in the Absence of Combustion Heating Processes
Cooking on a stove (natural gas) can be classified as light or intensive. Light cooking activities
were reported in dwelling A1 as cooking soup and making chai latte (Figure S10). During these two
activities, the mean calculated PM2.5 concentration was approximately 40 µg/m3. The mean submicron
PN concentration was approximately 1.4 × 105 cm−3 and 1.6 × 105 cm−3 during cooking soup and
making chai latte, respectively. The corresponding calculated PM10 concentrations were approximately
144 µg/m3 and 160 µg/m3 and the coarse PN concentrations were approximately 3 cm−3 and 1 cm−3,
respectively. Here, the differences in the PM10 and coarse PN concentrations were unlikely due to
the cooking processes, but rather driven by occupancy and occupant movement-induced particle
resuspension near the instruments, which was more intense during cooking soup.
Light cooking activities (such as making tea and/or coffee) were also reported in GFA2, which had
a central heating system. During the making of tea and coffee, the mean calculated PM2.5 concentrations
were approximately 16 µg/m3 and 31 µg/m3, respectively (Figure S17). The mean submicron PN
concentrations were approximately 1.2 × 105 cm−3 and 4.6 × 104 cm−3, respectively. The corresponding
calculated PM10 concentrations were approximately 52 µg/m3 and 42 µg/m3, respectively, and the
coarse PN concentrations were about 1 cm−3. This indicates that similar activities might have different
impacts on particle concentrations depending on the indoor conditions and the way in which the
activity was conducted. For example, variability in dwelling ventilation may play a role, as well as the
burning intensity of the natural gas stove.
Intensive cooking activities were reported in dwelling GFA2 (Figure S17, central heating) and
A2 (Figure S15, AC heating). Indoor aerosol concentrations during these intensive cooking activities
were higher than those observed during light cooking activities (in the absence of combustion heating
processes). For example, the mean calculated PM2.5 concentrations were between 62 µg/m3 and
88 µg/m3. The mean submicron PN concentrations were between 7.4 × 104 cm−3 and 2.1 × 105 cm−3.
The corresponding mean calculated PM10 concentrations were between 112 µg/m3 and 201 µg/m3 and
the mean coarse PN concentrations were between 3 cm−3 and 14 cm−3.
Concurrent Cooking Activities and Combustion Heating Processes
Periodically, the cooking activities occurred concurrently with a combustion heating process
(natural gas or kerosene heaters). All of these cooking activities, aside from two, did not report the
type of cooking; therefore, it was not possible to classify them as light or intensive cooking. One
of the activities was very intensive cooking (grilling burger and sausages) and the other one was
a birthday party (candles burning with more than 15 people in the living room). During cooking
activities accompanied by a natural gas heater, the mean calculated PM2.5 concentrations were between
9 µg/m3 and 70 µg/m3 (submicron PN concentrations between 6.8 × 104 cm−3 and 2.7 × 105 cm−3). The
corresponding mean calculated PM10 concentrations were between 16 µg/m3 and 81 µg/m3.
Grilling had a significant impact on indoor aerosol concentrations: the mean calculated PM2.5
concentration was approximately 378 µg/m3 (submicron PN concentration of 3.8 × 105 cm−3) and the
mean calculated PM10 concentration was approximately 2100 µg/m3 (mean coarse PN concentration
of 130 cm−3). The birthday party event had a clear impact on both submicron and micron aerosol
concentrations: the mean calculated PM2.5 concentration was approximately 65 µg/m3 (submicron PN
concentration of 1.7 × 105 cm−3) and mean calculated PM10 concentration was 374 µg/m3. Using a
kerosene heater instead of a natural gas heater further elevated the concentrations of indoor aerosols.
During these activities, the mean calculated PM2.5 concentrations were between 43µg/m3 and 130µg/m3
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(submicron PN concentration between 1.7 × 105 cm−3 and 3.2 × 105 cm−3). The corresponding mean
calculated PM10 concentrations were between 90 µg/m3 and 460 µg/m3.
Indoor Smoking of Shisha and Tobacco
Smoking indoors is prohibited in Jordan. However, this is often violated in many indoor
environments in the country. In this study, shisha smoking and/or tobacco smoking was reported
in three dwellings (GFA3, H1, and D1). It was not possible to separate the smoking events from the
combustion processes used for heating or cooking. Therefore, the concentrations reported here were
due to a combination of smoking and heating/cooking activities.
Tobacco smoking increased indoor aerosol concentrations as follows: the mean calculated PM2.5
concentrations were between 40 µg/m3 and 100 µg/m3 (submicron PN concentrations between 9 × 104
cm−3 and 1.5 × 105 cm−3). The corresponding mean calculated PM10 concentrations were between
160 µg/m3 and 190 µg/m3 (mean coarse PN concentrations between 6 cm−3 and 8 cm−3). Shisha
smoking had a more pronounced impact on indoor aerosol concentrations compared to tobacco
smoking. The mean calculated PM2.5 concentrations were between 60 µg/m3 and 140 µg/m3 (submicron
PN concentrations between 1.2 × 105 cm−3 and 4 × 105 cm−3). The corresponding mean calculated
PM10 concentrations were between 90 µg/m3 and 290 µg/m3 (mean coarse PN concentrations between
2 cm−3 and 15 cm−3).
For shisha smoking, the tobacco is mixed with honey (or sweeteners), oil products (such as
glycerin), and flavoring products. Charcoal is used as the source of heat to burn the shisha tobacco
mixture. Usually, the charcoal is heated up indoors on the stove prior to the shisha smoking event.
Shisha and cigarette smoking produces a vast range of pollutants in the form of primary and secondary
particulate and gaseous pollution [49–58]. It was also reported that cigarette and shisha smoke may
contain compounds of microbiological origin, in addition to hundreds of compounds of known
carcinogenicity and inhalation toxicity [49].
3.4. Concentrations of Selected Gaseous Pollutants in Jordanian Dwellings
The indoor activities documented in the eight dwellings were associated with emissions of gaseous
pollutants for which exceptionally high concentrations were observed (Figures S1–S8). For example,
the shisha smoking and preceding preparation (i.e., charcoal combustion) were associated with CO
concentrations that reached as high as 10 ppm in D1 and GFA3. The CO concentrations were further
elevated in H1, with concentrations approaching 100 ppm. Emissions of SO2 were also recorded in
D1 during charcoal combustion that accompanied shisha smoking. During shisha smoking, the CO
concentrations exceeded the exposure level of 6 ppm due to smoking a single cigarette, as reported by
Breland et al. [56], and 2.7 ppm as reported by Eissenberg and Shihadeh [52]. Previous studies have
reported CO concentrations in the range of 24–32 ppm during shisha smoking events [51–53].
The eight dwellings exhibited variable concentrations of TVOCs, NO2, and HCHO. For instance,
TVOC concentrations were in the range of 100–1000 ppm in A2 and H2, whereas they were in the range
of 1000–10,000 ppm in all ground floor apartments (GFA1, GFA2, and GFA3). NO2 concentrations were
in the range of 0.01–1 ppm in the duplex apartment (D1), ground floor apartments (GFA1, GFA2, and
GFA3), and houses (H1 and H2). HCHO concentrations were in the range of 0.01–1 ppm in A2 and
GFA1 and reached as high as 5 ppm in H2. O3 was not detected in any of the dwellings. It should be
noted that the gaseous pollutant concentrations presented here are estimates and are likely uncertain
due to technical limitations of the low-cost sensing module employed.
3.5. Indoor Versus Outdoor Particle Concentrations
It is important to note that the indoor aerosol measurement periods at each dwelling were short
during the winter campaign. Outdoor aerosol measurements were made on a few occasions at each
dwelling; however, they were not of sufficient length to make meaningful conclusions about the aerosol
indoor-to-outdoor relationship. However, comprehensive measurements of ambient aerosols have
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been made in the urban background in Amman [40,41,59–62], for which comparisons with the indoor
measurements presented in this study can be made.
In the urban background atmosphere of Amman [62], outdoor PN concentrations were typically
higher during the winter compared to the summer; the ratio can be 2–3 based on the daily means.
Based on the hourly mean, the outdoor PN concentration had a clear diurnal and weekly pattern,
with high concentrations during the workdays, especially during traffic rush hours. For example,
the PN concentration diurnal pattern was characterized by two peaks: morning and afternoon. The
afternoon peak (wintertime highest concentration range of 3 × 104–3.5 × 104 cm−3) was rather similar
on all weekdays; however, the first peak was higher on workdays compared to weekends (wintertime
highest concentration range of 4.5 × 104–6.5 × 104 cm−3). The lowest outdoor concentrations were
typically observed between 3:00 to 6:00 in the morning, when they are as low as 1.8 × 104 cm−3 during
the wintertime.
When compared to the results reported in this study (Tables 4–7), the mean indoor PN
concentrations were generally higher than those outdoors during the daytime, when indoor activities
were taking place. For example, PN concentrations inside all dwellings were less than 1.5 × 104 cm−3
between midnight and early morning; i.e., in the absence of indoor activities. However, the overall
mean PN concentrations during the winter campaign inside the studied dwellings were in the range
of 1.6 × 104–1.3 × 105 cm−3. Looking at the mean concentrations during the indoor activities, the PN
concentrations were as high as 4.7 × 104 cm−3 during non-combustion cooking activities. During
cooking activities conducted on a natural gas stove, the PN concentrations were in the range of 4.6 ×
104–3.8× 105 cm−3. The combination of cooking activities and combustion processes (as the main source
of heating) increased the PN concentrations to be in the range of 6.8 × 104–2.7 × 105 cm−3. Grilling
sausages and burger indoors was associated with a substantial increase in mean PN concentrations,
with levels reaching as high as 3.8 × 105 cm−3 (PM2.5 = 378 µg/m3 and PM10 = 2094 µg/m3). Both
tobacco and shisha smoking were also associated with significant increases in PN concentrations, with
levels reaching 9.1 × 104–4.0 × 105 cm−3.
It is very well documented in the literature that the temporal variation in indoor aerosol
concentrations closely follows those outdoors in the absence of indoor activities [20,30,32,63–74]. As
such, the aerosol indoor-to-outdoor relationship depends on the size-resolved particle penetration
factor for the building envelope, the ventilation and infiltration rates, and the size-resolved deposition
rate onto available indoor surfaces [20,30,64]. As can be seen here, and also reported in previous studies,
indoor aerosol emission sources, which are closely connected to human activities indoors, produce
aerosol concentrations that are usually several times higher than those found outdoors [17,75–77].
Indoor aerosol sources can thus have a significant adverse impact on human health given that people
spend the majority of their time indoors [10,11,32].
4. Conclusions
Indoor air quality has been given very little attention in the Middle East. Residential indoor
environments in Jordan have unique characteristics with respect to size, ventilation modes, occupancy,
activities, cooking styles, and heating processes. These factors vary between the winter and summer.
In this study, we reported the results of one of the first comprehensive indoor aerosol measurement
campaigns conducted in Jordanian indoor environments. Our methodology was based on the use
of portable aerosol instruments covering different particle diameter ranges, from which we could
investigate particle number and mass size distributions during different indoor activities. We focused
on standard particle size fractions (submicron versus micron, fine versus coarse). The study provides
valuable information regarding exposure levels to a wide range of pollutant sources that are commonly
found in Jordanian dwellings.
In the absence of indoor activities, indoor PN concentrations varied among the dwellings and
were in the range of 6 × 103–1.5 × 104 cm−3 (corresponding PM2.5 of 5–12 µg/m3). The coarse PN
concentrations were in the range of 0.4–5.2 cm−3 (corresponding PMcoarse of 0.9–39.9 µg/m3). Indoor
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activities significantly impacted indoor air quality by increasing exposure to particle concentrations that
exceeded what could be observed outdoors. Non-combustion cooking activities (microwave, brewing
coffee, and toasting bread) had the smallest impact on indoor aerosol concentrations. During such
activities, the PN concentrations were in the range of 1.1 × 104–4.7 × 104 cm−3, PM2.5 concentrations
were in the range of 7–25 µg/m3, micron PN concentrations were in the range of 1–9 cm−3, and
PM10 concentrations were in the range of 44–181 µg/m3. Cooking on a natural gas stove had a more
pronounced impact on indoor aerosol concentrations compared to non-combustion cooking, with
measured PN concentrations in the range of 4.6 × 104–2.1 × 105 cm−3, PM2.5 concentrations in the
range of 16–88 µg/m3, micron PN concentrations in the range of 1–14 cm−3, and PM10 concentrations
in the range of 42–201 µg/m3.
The combination of cooking activities (varying in type and intensity) with heating via combustion
of natural gas or kerosene had a significant impact on indoor air quality. PN concentrations were
in the range of 6.8 × 104–2.7 × 105 cm−3, PM2.5 concentrations were in the range of 9–130 µg/m3,
micron PN concentrations were in the range of 1–27 cm−3, and PM10 concentrations were in the range
of 16–458 µg/m3. Grilling sausages and burgers indoors was identified as an extreme event, with
mean PN concentration reaching 3.8 × 105 cm−3, PM2.5 concentrations reaching 378 µg/m3, micron PN
concentrations reaching 131 cm−3, and PM10 concentrations reaching 2094 µg/m3.
Both tobacco and shisha smoking adversely impacted indoor air quality in Jordanian dwellings,
with the latter being more severe. During tobacco smoking, the PN concentrations were in the
range of 9.1 × 104–1.5 × 105 cm−3, PM2.5 concentrations were in the range of 40–98 µg/m3, micron
PN concentrations were in the range of 6–8 cm−3, and PM10 concentrations were in the range of
158–189 µg/m3. During shisha smoking, the PN concentrations were in the range of 1.2 × 105–4.0 × 105
cm−3, PM2.5 concentrations were in the range of 61–173 µg/m3, micron PN concentrations were in the
range of 2–36 cm−3, and PM10 concentrations were in the range of 92–424 µg/m3.
The above-mentioned concentration ranges were reported during the winter campaign, when
the houses were tightly closed for heating purposes. Indoor aerosol concentrations during the
summer campaign were generally lower. The overall mean PN concentrations during the summer
campaign were less than 2 × 104 cm−3 and PM2.5 concentrations were less than 50 µg/m3. Some of the
reported indoor activities were accompanied with high concentrations of gaseous pollutants. TVOC
concentrations exceeded 100 ppm. NO2 concentrations were in the range of 0.01–1 ppm. HCHO
concentrations were in the range of 0.01–5 ppm. During shisha smoking and preceding preparation
(e.g., charcoal combustion), the mean CO concentrations reached as high as 100 ppm.
There are a number of limitations of the present study: (1) the measurement periods were short at
each dwelling during the winter campaign, (2) the sample population was small (eight dwellings),
and (3) outdoor measurements were only conducted on a few occasions for short periods. These
limitations can be addressed in future indoor–outdoor measurement campaigns in Jordan. However,
indoor aerosol concentrations were compared to long-term outdoor PN measurements conducted in
past studies in Jordan.
The results of this study can offer several practical recommendations for improving indoor air
quality in Jordanian indoor environments: source control by prohibiting the smoking of tobacco and
shisha indoors, improved ventilation during the use of fossil fuel combustion for heating, and cooking
with a natural gas stove under a kitchen hood.
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